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SECTION 1
INTRODUCTION

During the course of the CAST program, fatigue and fracture data were developed to
support the durability and damage tolerance araziysis efforts. These data were
obtained from specimens that were machined from separately cast plates and blocks
(ref. 1). Although a relatively large number of specimens were tested, the question of
what the properties of the cast bulkheads wcre remained. Unlike data of wrought
materials, separately cast specimen data do not necessas iy correlate to properties of
full-scale castings. A large number of foundry variables, such as location of chills and
risers, greatly influence the material properties. Therefore, fatigue and fracture
properties evaluation of the cast bulkheads was performed in addition to the full-scale
test evaluation of structural integrity. The data of reference 1 will be referred to as
separately cast specimen data in this report, ir. contrast to the data obtained from
specimens excised from the bulkheads.
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SECTION I
FATIGUE AND FRACTURE TEST DATA

TEST SPECIMEN ORIGiN

Twenty cast aluminum (A357-T6) bulkheads (Fig. 1) were produced by the Boeing
end Hitchcock foundries during Phase IV of the CAST program (ref. 2). The
Hitcheock castings were produced according to Boeing's manufacturing plan and
with Boeing-developed and furnished tooling. Two bulkheads were selected from
each foundry for mechanical, fatigue, and fracture property testing. The results
of the mechanical property testing are discussed in Part III of this report,
reference 3. Th~ selected bulkheads are identified as follows:

Boeing foundry M08, M09

Hitehcock foundry N02, N09

'The Boeing castings were cut into five pieces as shown in Figure 2 prior to heat
treatment. The Hitchcock castings were heat treated in one piece. Heat
treatment of all castings was as follows:

Solution heat treatment: 1010 + 109F for 24 to 25 hours
Quench delay: 10 seconds maximum

Quenchant: 106 + 159F water

Natural aging: Room temperature for 16 to 24 hours
Precipitation heat treatment

(aging) 325 + 10°F for 7 to 8 hours

Constant-amplitude fatigue specimens were obtained from each of the four
castings. They were removed from the sidewalls of the corrugations in 7.one 1
(Fig. 2). Creck growth spezimens were removed from the shear webs in Zones 3
and 5. Only the attachment lugs, among the critical areas, were thick enough to
remove compact specimens for fracture toughness testing. Specimens were

" obtained from lugs number 1, 2, 7, aud 8 from each casting. Table 1 summarizes

this information and presents the total number of specimens involved in the
investigation.
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Figure 1. Cast Aluminum Bulkhead for YC- 14
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! 2. FATIGUE TEST RESULTS

Constant-amplitude fatigue tests were conducted according to ASTM recom-
mended practice (ref. 4) as muech as possible. The specimen surfaces were

basically left as-cast, excent that some cleanup was peformed when prutrusions
were present. Because of the nature of the castings, the specimens did riot have
completely uniform thicknesses and were not completely flat. The specimen
geometry was as shown in Figure 3. All tests were performed in laboratory air
environment at a stress ratio of R = 0.06. The test results are summerized in
Table 2. A comparison of these data to the separately cast specimen data is
shown in Figure 4. The bulkhead data are scattered over a wider range of cycles
‘o failure, but the numl.er of cata points also is larger 2¢ this maximum stress
level. Assuming a two-parameter Weibull distribution for S-N data, it is found
that the number of cycles for 37% probability of survival (61,000) for these data
is approximately the same as for the independent specimen data {56,000).

»
(‘;
%
"
7,
A
B
&

For Boeing durability analysis, it is customary to express S-N curves as a four-
perameter family of curves, i.e.:

fmax = f(DFR, fmo, S, R, N)

where DFR, fi0, S, and R are the parameters and N, number of eycles, is the

T R

independent variable. It has been found that the parameters f;;o and S are
material-dependent and can be kept constant for a given material. The
parameter R is the stress ratio. Therefore, the geometric effects on fatigue life
or the quality of the structure with respect to fatigue can be expressed solely by
the detail fatigue rating, DFR.

O R e

A DFR of 11 for a stress concentration of k¢t = 3.0 was used in the durability
analysis of the bulkhead (ref. 5). The data presented here yield a DFR of 11.9,
which is approximately the same as for the separately cast specimen data. Since

FUPPE LR

a higher DFR means better fatigue quality, it is thus demonstrated that a
slightly conservative DFR or, in other words, a slightly conservative S-N curve,
was used in the Phase III durability analysis.
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Table 2. Fatigue Test Results

Specimen ID Max. fatigue stress (ksi} R = .06 Cycles to failure

—y

NSNH2C1 12.6 287000 1/ !

NSNH2C2 18 35000

NSNHZC3 46000

NSNHIC1 103000

NSNHSC2 44000

NSNHYC3 35000

NSNBC1 31000

MSN8C2 56600

NSNBC3 7000 2/

NSNIC1 33000

NSN9C2 30000

NSNSC3 { 3G000

!

1/Tested at 12.6 ksi in error, grip failure

2/Grip fallure
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If one examines the Boeing and Hitehcock data separately, it is found that the
fatigue quality of the Hitchcock castings in the area investigated was better.
The DFR for the Hitchcock castings was found to be 12.2, while the DFR for the
Boeing castings was 10.5 (Table 3). A large margin on fatigue life was predicted,
such that this siightly lower DFR for the Boeing castings is of no consequence.

CRACK GROWTH RATE TEST RESULTS

Crack growth rate tests were conducted according to the ASTM tentative test
method (ref. 6). The compact-type specimen was used (Fig. 5). All testing was
performed in laboratory air environment. A record of crark length versus
number of load cycles was obtained by using bonded-on, resistance-type foil
gages. The laboratory test reports are contained in Appendix A. These crack
growth rate data heve been combired in Figure § and compared to the data
obtained from the separately cast specimens, It is seen that the twao sets of data
are in general agreement. It is noted thet, upon removal of data from specimens
SEN 95-1, SEN 95-2, SENH 95-1, and SENH 95-2 (Fig. 7), the remaining data
exhibit considerebly reduced scatter (Fig. 8). It is further noted that the
removed data (Fig. 7) represent crack growth rates of the same area of the four
bulkheads (Area 5, Fig. 2) exclusively. An examination of the fracture surfaces
by optical microscope to 30X magnification indicates that there is a slight
increase in microshrinkage in these specimens compared to the others,

The crack growth rate expression:
da/dN = C(l - R)m (K]nax)ng

where C, m, n are materiai related constants, Kpax is the maximum stress
intensity factor, and R is the stress ratio, was least-squares-fitted to (1) au
bulkhead data, {2) the Hitechicock data, and (3) the Boeing bulkhead data. Figure
9 shows the resulting lines. There is no significant difference between the
Boeing and Hitchcock data. Also, the difference between the crack growth rates
used for the Phase III crack growth analyses and the data obtained from this
investigation is negligible and the analysis is conservative in the low K regime.
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Table 3. Detali Fatigue Ratings

Castings

Characteristic life® (cyclos)

DFR

Hitcheock

Buiing

-

70,363

40,584

12.1

105

* Characteristic life corrasponds 1o 37% probablility of survival

.~ 250 E—

I { .825 DIA

1,376

e S |

- 3.125

Figure 5. Crack Growth Raty Test Specimen
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Overall, it is gratifying to see the agreement between the separately cast
specimen data and the bulkhead data. This demonstrates that useful erack
growth rate data can be obtained from separately cast material.

FRACTURE TOUGHNESS TEST RESULTS

Plane-strain fracture toughness tests were conducted according to ASTM
standard test method (ref. 7). The compact-type specimen geometry (Fig. 10)
was used. The specimens were located on the attachment lugs es shown in
Figure 11. These lugs were heavily chilled to obtain optimum properties. All
tests were conducted in laboratory air environment. The laboratory test results
are contained in Appendix B. The crack front of all specimens exhibited too
much curvature according to reference 7 and, for that reason, no valid plane-
strain fracture toughness (Kjc) data were obtained. The data are henceforth
referred to as Kq data. An examination of the data (Table 4) shows that the
results fall into one of three categories:

1. . Failure during fatigue cracking (specimens CH9L1, C9L1, C9L8)

2. Lower KQ values compared to item 3 (specimens CIIL1, CHIL2, CHILY)
3.  Consistently good Kq results for the remaining specimens

The fracture surfaces of the specimens were examined under an optical micro-
scope at 30X magnification. Specimens of category 2 showed more micro-
shrinkage than specimens of category 3. Category 1 specimens had noticeably
more microshrinkage and the size of these defects was larger compared to the
other specimens. Thus, the amount and sizes of the defects correlate with the
test results, as expected. Considering average Kq values for the individual
bulkheads and ignoring the ones with prematurely failed specimens, it is found
that bulkhead number M08 had slightly better fracture toughness in the lug areas
than bulkhead No. 2. Bulkhead No. 9 exhibited the lowest fracture toughness.
Records of the process variables for the individual bulkheads do not offer any
clues to this relative ranking in fracture toughness,

Residual strength analysis was conducted during Phase Il of the CAST program.
An average Kic value of 17.6 ksi in.1/2 was used with a lower bound of 16
ksi in.1/2, These values were derived from some valid Kic tests conducted
earlier in the CAST program. Since the crack front curvature of the bulkhead
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Figure 10. Fracture Toughness Test Specimen

Figure 11. Location of Fracture Toughness Specimens
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Table 4, Fracture Toughness Test Results

Specimen 1D Kq kst Vin
cH211 21.6
CH2L2 20.8
CH2L7 19.7
CH2L8 20.6
CHgL1 18.3
ctiaLz 18.7
CHBLY 13.9
CHILS8 Precrack

Failure
csL1 24.4
csL2 20.5
csLy 20.8
CcsL8 20.0
coL1 Precrack
Faliure
coL2 214
coLy 21.6
CoL8 Precrack
Fallure

specimens is not too severe, it can be assumed that the KQ values obtained are
close to valid Kjc values. The average Kic value used in the phase III analyses
is thus confirmed. However, a lower bound of 16 ksi inl/2 appears too
optimistic in light of this investigation. The independent specimen data yielGed
KQ velues from 23.7 to 26.8 ksi in.1/2 with an average Kq of 26.1 ksi in.l/2,
However, these data exhibited too mueh yielding (2.5(KgQ/TYS) 2 B) and,
therefore, cannot be assumed to be close to Kic. Therefore, a comparison of
the bulkhead data with the separately cast specimen data is not possibie.

18
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SECTION Il
CONCLUSIONS AND RECOMMENDATIONS

R R

The fatigue and fracture property data obtained from four full-scale A357 cast
aluminum alloy bulkheads (two each from the Boeing and Hitchcock foundries)
confirmed, in general, the material properties assumed for the Phase III durability and
,J_ damage tolerance analysis. The data also are in general agreement with property data
’ obtained from specimens that were machined from separately cast plates and blocks.
The low fracture toughness values obtained from two of the castings als¢ point out
that a need exists for continued dev:lopment of this casting techrology. In particular,
a need exists to develop the nondestructive evaluation of fatigue and fracture
properties of ctstings. For castings to be used in primary aircraft structure, it is
absolutely necessary to know the lower bound fracture toughness with a high degree of

confidence.

_ The need for nondestructive evaluation of casting mechanical properties was

i recognized earlier in the CAST program, and a promising method has been developed
for tensile propertics and further improvements are planned. It is recommended that
i the nondestructive evaluation of fatigue and fracture pioperties of castings also be

o e e 7+ e e T T

developed.
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Table A-3.2. Crack Growth Data - SEN 85-1
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APPENDIX B
FRACTURE TOUGENESS TEST DATA
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